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Deposition of coatings on substrates 

The invention relates to the deposition of calcium 
phosphate onto a bone replacement prosthesis and more 
5 particularly the deposition of calcium phosphate coated 
vesicles, or droplets having a hydrophobic core coated 
with calcium phosphate, onto electrically conducting 
substrates and in particular metallic bone replacement 
prostheses or parts thereof. 

10 

Patent specification WO 00/00177 describes a vesicle 
comprising an inner layer which comprises a phospholipid 
and an outer layer which comprises calcium phosphate. The 
vesicles may contain pharmaceutically active compounds 

15 including compounds which assist the binding of the 

coating to existing bone (bone growth factors) , treat a 
specific bone disease or any diseased region adjacent to 
bone, or relieve pain. There is also described a droplet 
comprising a hydrophobic core, an inner layer which 

20 comprises a surfactant, and an outer layer which 

comprises calcium phosphate. WO 00/00177 also describes 
a method for producing such vesicles or hydrophobic 
droplets and a method for depositing such vesicles or 
droplets on an electrically conducting substrate. The 
25 method is referred to as electrolytic deposition but is 
perhaps more accurately described as electrophoretic 
deposition. 

While this deposition method can be carried out at 
30 low enough temperatures to avoid degrading the contents 
of the vesicles or droplets, a problem is achieving v 
satisfactory adhesion of the deposited material to the 
substrate . 

35 It is an object of the present invention to overcome 

or ameliorate this problem. It is a further object of 
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this invention to provide more generally a method of 
preparing an electrically conducting substrate and 
depositing a coating thereon so as to achieve good 
distribution and adhesion of the coating on the 
. 5 substrate . 



The invention provides in one of its aspects a 
method for producing an adherent coating of a coating 
material comprising calcium phosphate on an electrically 

10 conducting substrate, which method comprises first 

exposing the substrate to an electrochemical surface pre- 
treatment using a solution comprising water for removing 
contaminants and/or effecting a surface conversion and/or 
applying a primary coating to form a surface layer or 

15 surface compound layer adapted to bond to a subsequently 
deposited coating, and depositing upon the pre- treated 
surface the coating material by an electrochemical 
deposition process from a solution comprising calcium and 
phosphate ions or a suspension of calcium phosphate 

20 particles in liquid. 

In a preferred embodiment, the electrochemical 
surface pre -treatment is a treatment for removing 
contaminants and/or effecting a surface conversion. 
25 Preferably the pre-treatment comprises effecting a 
surface conversion. 

The electrically conducting substrate may be any 
substrate which conducts electricity or which has a 
30 conducting surface. The substrate is preferably metal, 
more preferably titanium, a titanium alloy or a 
cobalt /chromium alloy, most preferably a titanium alloy. 



The electrochemical surface pre-treatment may 
35 comprise electrochemical etching to dissolve a thin 
surface layer of the substrate surface. Preferably, 
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where the method is applied to a metal substrate, the 
electrolyte composition and impressed electrical current 
are selected so as to reveal the micro- structure of the 
metal by dissolving the grain boundaries at a faster rate 
5 and thereby roughen the surface. Mineral acid electrolyte 
will normally be suitable, with a complexant, such as 
fluoride, where the substrate metal is titanium. 
Application of ultrasound and/or current reversal is 

■ 

effective for creating a suitably rough surface. 

10 

The electrochemical surface pre-treatment takes 
place using a solution comprising water as a solvent. 
The solution may comprise a mixture of solvents including 
water. Preferably the solution comprises at least 20% 
15 water, more preferably 50% water, more preferably 70% and 
most preferably 90% or more of water. In a particularly 
preferred embodiment, an aqueous solution is. used and 
water is the only solvent. In a preferred embodiment the 
solution is an aqueous phosphate electrolyte. 

20 

During the surface conversion, the surface of the 
electrically conducting substrate may be converted, for 
example, into an oxide, a metal salt or a mixed oxide and 
metal salt to form a layer that is integral with the 
25 surface of the substrate. The oxide is typically a 

hydrous oxide. Where the surface conversion layer is a 
mixture of oxide and metal salts, both the oxide and the 
metal salt are derived from the metal of the substrate. 
The metal salt is typically insoluble in water. 

30 

Where the electrically conducting substrate is 
titanium or a titanium alloy then the surface conversion 
may convert the surface of the metal to form an oxide 
film on which calcium phosphate is deposited in the 
35 electrochemical deposition step of the process. The 
surface conversion layer may also be a mixed oxide and 
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titanium salt layer where the titanium salt is one that 
is insoluble in water. For example, a mixed oxide and 
phosphate layer can be formed when phosphoric acid is 
used in the surface conversion process. 

■ 

5 

Where the electrically conducting substrate is a 
cobalt/chromium alloy ^ the surface conversion may be 
achieved by dissolving the surface of the substrate in a 
phosphate medium in order to form metal phosphate salts 
10 on the surface of the substrate. 



The electrochemical deposition process may comprise 
electrophoretic deposition of particulate material from a 
suspension thereof in liquid, or electrocoagulation, or 
15 electroprecipitation from a solution of a desired coating 
material or precursor therefor, or electrolytic 
deposition from a solution of a desired coating material 
or precursor therefor. 



20 More than one electrochemical deposition process may 

be used to build a series of coating layers chosen, for 
example, to optimise binding efficiency of one layer upon 
the immediately preceding layer. 

25 A pre-treatment surface coating, or the deposited 

coating, or one or more of the deposited coating layers 
may be subjected to a plasma fusing action. This is 
conveniently achieved by allowing the applied voltage to 
rise as the surface coating or coating layer deposits on 

30 the substrate and raises the electrical resistance across 
the substrate surface, such that plasma forms in pores of 
the deposited coating and thereby generates heat 
sufficient to melt and fuse the coating. In this way 
increased coating density (if wanted) and adhesion to the 

35 substrate can be achieved. 
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The method according to the invention has 
particular application to the coating onto a substrate 
electrically conducting surface of vesicles comprising an 
inner phospholipid coated with an outer layer of calcium 
5 phosphate or of droplets comprising an inner hydrophobic 
core coated with an outer layer of calcium phosphate. 



In one embodiment, prior to the electrophoretic 
deposition of the calcium phosphate or the said vesicles 

10 or droplets, one or more interlayers is provided on the 
cleaned and roughened metal surface. The first 
interlayer is the surface conversion layer. For certain 
metals, such as titanium, the surface conversion coating 
layer can conveniently be in the form of an adherent 

15 oxide film produced by anodic polarisation. Periodic 
polarity reversal may be applied to increase the 
thickness of the oxide film layer formed. As an 
alternative, a phosphate conversion layer can be formed 
in phosphoric acid. 

20 

For certain metals, such as a cobalt /chromium alloy, 
it is important to avoid corrosion of the metal surface 
as this not only will undercut subsequent coatings, but 
also introduce corrosion products into the coating. The 

25 presence of such corrosion products may be undesirable 
for a bone replacement prosthesis where the corrosion 
products may subsequently leach into body fluids or 
tissue. A suitable protective interlayer on 
cobalt/chromium alloy can be provided by surface 

3 0 dissolution into a neutral/alkaline phosphate solution 

which creates an adherent insoluble phosphate layer which 
forms the surface conversion layer. It is typically 
advantageous to use polarity reversal when forming a 
surface conversion layer on a cobalt/chromium alloy. 

35 

A graduation of coating properties through the 
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thickness of the coating may be engineered by appropriate 
control of coating conditions such as particle size, zeta 
potential, applied electrical potential, pH, temperature. 
This may conveniently be achieved by using multiple 
5 immersion tanks. For example, a hydroxyapatite coating 
may be laid down on a surface conversion coating, and on 
this an outer layer of hydroxyapatite vesicles. The inner 
layer of hydroxyapatite may be subjected to a plasma 
treatment as described above to increase its density and 

10 adhesion to the substrate. Such an inner layer provides a 
strongly adherent key onto which hydroxyapatite vesicles 
(which need to be deposited without significant heating 
as explained in WO 00/00177) can then be deposited by 
electrophoresis. This process may also be performed for 

15 other forms of calcium phosphate or using other forms of 
calcium phosphate as the coating layer. 

Insoluble Hydroxyapatite is the form of calcium 
phosphate required when resorption into body fluids is to 
20 be avoided. In certain circumstances, it is specifically 
desired to provide a coating, or part of a coating, which 
is resorbable into body fluids. In that case conditions 
of deposition are chosen which deposit calcium phosphate 
in a different, soluble, form. 

25 

Coating layers grown so as to have columnar pores, 
with control of the pore diameter and length, may be used 
to provide a reservoir within the pores for 
pharmaceutical^ active compounds, such as antibiotics, 
30 pain relief agents, etc. 

Control of the fluid viscosity, surface charge and 
water solubility can provide for progressive release of 
an active agent diffusing out of the coating. 

35 

The passage of the electrophoretic deposition 
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current can sometimes result in the production of gas 
bubbles at a substrate metal surface, particularly in 
aqueous media. This is undesirable as bubble growth can 
disrupt the coating and/or the presence of the bubbles 
5 adversely affects the adhesion of the coating. To avoid 
this, there is preferably included in the deposition 
suspension a sacrificial component, that is a component 
which is easily reduced at a cathode or oxidised at an 
anode (whichever is required) to create a water soluble 
10 rather than a gaseous product. An alternative approach 
is to use liquids which comprise organic solvents, for 
example alcohols, glycols or ketones. 

Calcium phosphate is soluble in acidic media. As 

15 described in WO 00/00177 calcium phosphate in solution is 
caused to crystallise around a vesicle or droplet using 
ultrasonics to disperse a water immiscible solvent phase 
containing the dissolved pharmaceutically active agent to 
create dispersed droplets around which the calcium 

20 phosphate forms a coating. We have found that calcium 
phosphate crystal formation is improved in this process 
by progressively reducing the solution acidity. This 
action to raise the pH of the solution may be achieved by 
chemical reaction such as introduction at a controlled 

25 rate of formaldehyde into nitric acid, or by 

electrodialytic action in which anions are replaced with 
hydroxyls, or by electrolytic action such as nitrate 
reduction at a cathode. These processes for changing the 
pH can also aid the deposition of calcium phosphate 

30 particles from a suspension. 

Normally, the perturbation of pH at the depositing 
surface encourages the suspended fine particles to 
coagulate onto the roughened substrate metal surface, 
35 thus creating an adherent layer. For this, it is 
important to optimise the conditions of the ions of 
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calcium, phosphate, complexant and the pH of the 
solution. Further improvement of the bond strength 
between the deposited particles may be achieved by 
incorporating soluble resins (polycarboxylic acids) in 
5 the solution. These may either dry out to create an 
increased bond strength, or be cross-linked in-situ 
through reactions occurring at the substrate surface. 
The polymeric materials used would need to be 
biocompatible for implant applications. Organically 
10 modified ceramics may also be included as part of the 

suspension to provide a key onto which the polymer could 
bind/ as well as creating an environment encouraging the 
formation of a stable structure around the vesicles or 
droplets. 

15 

In a further embodiment, the present invention 
provides a method for producing an adherent coating of a 
coating material comprising vesicles on an electrically 
conducting substrate, which method comprises first 

20 exposing the substrate to an electrochemical surface pre- 
treatment for removing contaminants and/or effecting a 
surface conversion and/or applying a primary coating to 
form, a surface layer or surface compound layer adapted to 
bond to a subsequently deposited coating, and depositing 

25 upon the pre-treated surface by an electrochemical 

deposition process a coating material comprising vesicles 
comprising an inner phospholipid coated with an outer 
layer of calcium phosphate. Preferably the 
electrochemical surface pre-treatment is a treatment for 

3 0 removing contaminants and/or effecting a surface 

conversion layer or the pre-treatment comprises effecting 
a surface conversion layer. Preferably the 
electrochemical deposition process is electrophoretic 
deposition. The electrochemical pre-treatment may take 

35 place in any solvent or solvent mixture, such as an 
organic solvent including one or more of an alcohol, 
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glycol or ketone, or water or a mixture thereof. 

The invention includes a substrate when provided 
with a surface coating by a method as aforesaid. 

5 

A specific example of a method embodying the 
invention will now be described with reference to the 
drawing filed herewith, which is a diagrammatic 
representation of a hip implant prosthesis undergoing 
10 treatment in an electrochemical treatment bath. 

In this example, hip prosthesis 11 is made of 
titanium and is shown in an electrochemical bath 12 
filled with appropriate treatment solution or electrolyte 

15 13 . The prosthesis 11 is connected via lead 14 to an 

appropriate source of electrical potential. Electrode 15 
is connected via lead 16 to the source of electrical 
potential. There is also provided a membrane 17 
encompassing the electrode 15 for use when the electrode 

20 15 is connected to a positive potential and it is 
required to protect the prosthesis 11 from any ions 
dissolved into the electrolyte 13 from the electrode 15. 
The membrane 17 may have to be removed when a negative 
potential is applied to electrode 15 . 

25 

Parts of the prosthesis 11, primarily the ball joint 
18, which are not to be coated are provided with a 
protective insulating layer, for example of tape. For the 
first operation to remove contaminants from the metal 

30 surface of the titanium prosthesis 11, a surface layer of 
the metal is electrolytically removed using an acid bath 
containing fluoride with the prosthesis 11 connected to a 
positive electrical potential supply and the electrode 15 
connected to the negative supply. Application of 

35 ultrasound to the bath and/or periodic current reversal 
helps to introduce surface roughness during this process. 
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With a suitable change in bath conditions and 
polarity, the second stage creation of an adherent oxide 
film on the titanium prosthesis 11 takes place. This is 
5 the surface conversion coating. If phosphoric acid is 
present in the bath then a mixed phosphate and oxide 
. surface conversion coating is formed. 

The prosthesis 11 is then moved to another bath, or 
10 the bath 12 is washed out and its contents replaced, to 
provide a solution containing calcium and phosphate ions, 
and a potential applied to deposit a layer of 
hydroxyapatite on to the clean titanium surface. At this 
stage nitrate may be included in the solution as a 
15 sacrificial component to prevent the release of gas 
bubbles from the titanium surface. 



To densify this layer of hydroxyapatite and improve 
its adhesion to the substrate prosthesis 11, the applied 

20 deposition voltage is allowed to rise as the layer 
thickness increases (and the surface electrical 
resistance increases correspondingly) , such that plasma 
forms in the pores of deposited hydroxyapatite and 
generates sufficient heat to cause melt fusing onto the 

25 substrate. 



In the final step, a treatment suspension 13 is 
provided which contains vesicles, each of which comprises 
an inner layer which comprises a phospholipid and an 

30 outer layer which comprises calcium phosphate. The 

vesicles may contain pharmaceutically active compounds 
including compounds which assist the binding of the 
coating to existing bone (bone growth factors) , treat a 
specific bone disease or any diseased region adjacent to 

35 bone, or relieve pain. A potential is applied to deposit 
a coating layer of hydroxyapatite vesicles which bond to 
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5 



10 



15 



20 



the interlayer of hydroxyapatite applied in the previous 
stage. During this deposition temperature rise is 
controlled, ideally to maintain temperature close to 
ambient so as not to damage constituents of the vesicles. 

In this way adhesion of the coatings with a static 
shear strength of at least 15 Mpa can be achieved. 

The invention is not restricted to the details of 
the foregoing example. For instance the method may be 
applied to other metal prostheses made, for example of an 
alloy of cobalt and chromium. The prosthesis provided 
with a simple layer of strongly adherent hydroxyapatite 
(ie without vesicles) has usefulness in its own right, 
although the strong bonding at low temperature of 
hydroxyapatite vesicles is a key characteristic of the 
product of the example. The latter can be deposited 
directly onto the first conversion layer (titanium oxide) 
of the prosthesis, if desired. 

The final stage deposition need not necessarily be 
of vesicles as described, but may be of droplets having 
any hydrophobic core encased in calcium phosphate. 



25 



Incorporation of other elements by substitution in 
the calcium phosphate may be desirable. The other 
elements are preferably alkaline earth metals, more 
preferably magnesium, strontium or barium or a mixture 
thereof. For example, substituted magnesium can act to 
30 promote bone growth, or substituted strontium can affect 
adhesion, or the retention or release of a drug contained 
in the vesicles. 

The method has application for other electrically 
35 conducting substrates and other coating materials. A 
particular advantage of electrophoretic deposition and 
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other electrochemical deposition processes, used for 
depositing electrically insulating coatings, is that the 
deposited layer is self levelling. This is because the 
resistance of thick regions reduces current flow in those 
5 regions and thus encourages greater deposition in regions 
where the coating is thinner. 

Thus, for example, the method has particular value 
for providing a uniform thickness coating on a 
10 corrugated, or similar uneven surface, such as a catalyst 
coating on a corrugated metal (eg FECRALLOY steel) 
substrate. 



i 
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Claims 



1 . A method for producing an adherent coating of a 
coating material comprising calcium phosphate on an 
5 electrically conducting substrate, which method comprises 
first exposing the substrate to an electrochemical 
surface pre-treatment using a solution comprising water 
for removing contaminants and/or effecting a surface 
conversion and/or applying a primary coating to form a 

10 surface layer or surface compound layer adapted to bond 
to a subsequently deposited coating, and depositing upon 
the pre- treated surface the coating material by an 
electrochemical deposition process from a solution 
comprising calcium and phosphate ions or a suspension of 

15 calcium phosphate particles in liquid. 

2. A method as claimed in claim 1, wherein the 
electrochemical surface pre-treatment comprises 
electrochemical etching to dissolve a thin surface layer 

20 of the substrate surface. 

3. A method as claimed in claim 2, applied to a metal 
substrate, wherein, the electrolyte composition and 
impressed electrical current are selected so as to reveal 

25 the micro-structure of the metal by dissolving the grain 
boundaries at a faster rate and thereby roughen the 
surface . 

4. A method as claimed in claim 2 or claim 3, wherein 
3 0 ultrasound and/or current reversal is applied to assist 

the creation of a rough surface on the etched substrate 
metal surface. 

5. A method as claimed in any of the preceding claims, 
35 wherein the electrochemical deposition process comprises 

electrophoretic deposition of particulate material from a 



WO 03/039609 



PCT/GB02/04889 

- 14 - 



suspension thereof in liquid. 

6. A method as claimed in any of claims 1 to 4, wherein 
the electrochemical deposition process comprises 
5 electrocoagulation. 

7. A method as claimed in any of claims 1 to 4, wherein 
the electrochemical deposition process comprises 
electroprecipitation from a solution of a desired coating 
10 material or precursor therefor. 

8. A method as claimed in any of claims 1 to 4, wherein 
the electrochemical deposition process comprises 
electrolytic deposition from a solution of a desired 

15 coating material or precursor therefor. 

9. A method as claimed in any of the preceding claims, 
wherein more than one electrochemical deposition process 
is used to build a series of coating layers. 

10. A method as claimed in any of the preceding claims, 
wherein a pre- treatment surface coating, or the deposited 
coating, or one or more of the deposited coating layers 
is subjected to a plasma fusing action. 



20 



25 



11. A method as claimed in in any of claims 1 to 10, 
wherein the pre-treatment comprises treating the 
substrate to remove surface contaminants and the coating 
comprises an inner phospholipid coated with an outer 
30 layer of calcium phosphate or of droplets comprising an 
inner hydrophobic core coated with an outer layer of 
calcium phosphate. 

12. A method as claimed in any of the preceding claims, 
35. wherein, prior to the electrophoretic deposition' of the 
coating, one or more interlayers is provided on the 
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cleaned and roughened metal surface. 

13. A method as claimed in claim 12, wherein the 
substrate metal comprises titanium and the first 

5 interlayer is a conversion coating layer in the form of 
an adherent oxide film produced by anodic polarisation. 

14. A method as claimed in claim 12, wherein the 

substrate metal comprises titanium and the first 

10 interlayer is a phosphate conversion layer formed in 
phosphoric acid. 

* 

15. A method as claimed in claim 12, wherein the 
substrate metal comprises a cobalt/chromium alloy and the 
first interlayer comprises an adherent insoluble 
phosphate layer provided by surface dissolution into a 
neutral/alkaline phosphate solution. 



15 



20 



16. A method as claimed in any of the preceding claims, 
wherein a hydroxyapatite coating is laid down on the 
surface conversion coating, and on the hydroxyapatite 
layer an outer layer of hydroxyapatite vesicles is 
applied. 

25 17. A method as claimed in any of the preceding claims, 
wherein coating layers are grown so as to have columnar 
pores to provide a reservoir within the pores for 
pharmaceutically active compounds. 



30 



35 



18. A method as claimed in any of the preceding claims, 
wherein there is included in the deposition suspension a 
sacrificial component to create a water soluble rather 
than a gaseous product as a result of any electrolytic 
action at the surface of the substrate metal. 

19. A method as claimed in any of the preceding claims, 
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wherein the solution 'or liquid comprises one or more 
alcohols, glycols or ketones. 

20. A method as claimed in any of the preceding claims, 
5 wherein soluble polycarboxylic acid is incorporated in 

the solution or liquid. 

21. A method as claimed in claim 20, wherein organically 
modified ceramics are included as part of the suspension 

10 to provide a key onto which the polycarboxylic acid 
binds . 



22. A method as claimed in any of the preceding claims 
wherein the pH of the solution and/or suspension is 

15 progressively raised by chemical reaction involving 
introduction at a controlled rate of an appropriate 
chemical reagent. 

23. A method as claimed in any of the preceding claims 
20 wherein the pH of the solution and/or suspension is 

progressively raised by electrodialytic action in which 
anions are replaced with hydroxyls. 

24. A method as claimed in any of the preceding claims 
25 wherein the pH of the solution and/or suspension is 

progressively raised by electrolytic action. 

25. A method as claimed in any of the preceding claims 
wherein other elements are incorporated in the calcium 

30 phosphate coating by substitution. 

26. A method as claimed in claim 25 wherein the other 
elements are magnesium, strontium or barium or a mixture 
thereof . 



35 



27. A method for producing an adherent coating of a 
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comprising vesicles on an electrically- 
conducting substrate, which method comprises first 
exposing the substrate to an electrochemical surface pre- 
treatment for removing contaminants and/or effecting a 
surface conversion and/or applying a primary coating to 
form a surface layer or surface compound layer adapted to 
bond to a subsequently deposited coating, and depositing 
upon the pre- treated surface by an electrochemical 
deposition process a coating material comprising vesicles 
comprising an inner phospholipid coated with an outer 
layer of calcium phosphate. 



28. An electrically conducting substrate when provided 
with a coating by a method as claimed in any of the 
15 preceding claims. 
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